The development of an interferometric optical fiber inclinometer is described in this paper. A weak tapered region is induced in a standard single mode fiber in the vicinity of the cleaved fiber tip, using a standard fusion splicer. In this situation an in-fiber Michelson interferometer is constructed that is sensitive to curvature applied in the tapered region. It is shown that depending on the angular range, fringe visibility and/or peak position depend strongly on the applied curvature enabling low cost dielectric inclinometer to be setup that is suitable for high voltage applications. It is presented an analysis of the sensor response by means of experimental measurements and manipulation of these experimental data through computational simulations. The results coming from the numerical simulations indicate a good performance of the sensor within range of angular variation between 3 and 6 degrees and 10 and 14 degrees. A low cost strategy to interrogate the response of sensor using electrically modulated fiber Bragg gratings, a photodetector and frequency analysis is described. The results presented by this electric interrogation technique show a good sensitivity in the range 3.5 to 5.5 degrees.
INTRODUCTION
The application of optical fiber as a sensor device was initially proposed by Morey in 1989. Since then, optical fiber has been used as a sensor element in several areas. An important technology in optical fiber sensing are fiber Bragg gratings (FBGs). FBGs have been intensively used to measure many physical parameters such as temperature, strain, pressure, acceleration, refractive index, tilt, etc [1] [2] [3] [4] [5] [6] . Due to their desirable characteristics such as immunity to electromagnetic interference, remote monitoring and multiplexing ability, sensors based in optical fibers present a great potential for electric power systems applications. This work aims to achieve an interferometric optical inclinometer sensor for application in the electric power industry. The earliest application of optical fiber sensors in such context dates probably from 1977, where electric current measurement using optical fiber sensors were reported [7, 8] . More recently, loading of power transmission lines, winding temperature of electrical power transformers, and large electrical currents have been measured with FBG based sensors [7] .
Our goal is to analyze the possibility of using an optical inclinometer to measure bending angle of catenary of high voltages transmission cables as they are subject to overcurrent. Tilt sensors (also known as inclinometers) are required for measuring the angular deflection of an object against a reference plane or line. They are frequently used in the field of aviation (e.g., monitoring for aircraft landing) and civil engineering (e.g., monitoring the inclination of towers and bridge holders) [1] . They can also be applied to platform levering, boom angle indication, slope angle measurement, etc. Most conventional tilt sensors are realized by transforming the inclination into electric signals through a magnetic effect [5, 6] or capacitive effect [9] . A significant number of optical inclinometers reported are based on fiber Bragg gratings (FBGs) coupled to a vertical pendulum. The sensor proposed here is based on a tapered fiber Michelson interferometer. A preliminary study of the inclinometer spectral behavior is assessed through experimental measurements and their computational analysis aiming to characterize and improve the sensor response. An electric interrogation technique was tested that is based on modulation at different electrical frequencies of the Bragg wavelengths of two FBGs, spectrally located in strategic points of the interference pattern, and detection of the amplitude at these frequencies of the signals reflected by the FBGs. These amplitudes are proportional to the slopes of the fiber-taper Michelson interferometer spectral response at the FBG wavelengths, which change with the relative amplitude changes of the interferometer and FBGs modulation movements. This processing allows generating an optical signal proportional to the interferometer visibility or wavelength shifts and is immune to optical power fluctuations along the system. The performance of this technique was tested for measurement of small angle variations. Preliminary results obtained with this interrogation technique are reported.
PRINCIPLE AND DISCUSSION
Michelson interferometer based in tapered optical fiber has been intensively studied in recent years. This device is used as a sensor to measure a multitude of physical parameters as temperature, refractive index and tilt [10] . In this work we discuss the use of this kind of interferometer as an optical inclinometer. Our intention includes the analysis of the possibility of its use to measure catenary bending in power systems cables which suffer elongation due to overcurrent as well as other applications in the power system industry. The fiber-taper Michelson interferometer consists of a section of the fiber between a taper, i. e., a small region of the fiber with the cladding diameter reduced, and its cleaved end. The taper couples a fraction of the core light to the cladding modes which are propagating along the cavity until the tip end, then they are reflected back by the cleaved end which acts as a partial mirror (4% reflection coefficient due to Fresnel reflection on a glass-air interface). 
where ∆n nm is the effective refractive index difference between the two modes and λ is the wavelength of the traveling light. When the axis of the taper of the Michelson interferometer is bended the effective length of the taper is varied resulting in phase and amplitude variations between the fundamental and cladding modes. This kind of inclinometer presents some advantages such as its ease of fabrication by arc-discharge technique, operation in a reflection mode, allowing remote interrogation, and possibility of miniaturization and compactness. There are some methods to fabricate tapers on fiber such as flame [11, 12] , a focused CO 2 laser beam [11, 13] , a micro furnace and an electronic arc formed between a pair of electrodes, such as a fusion splicer [18] . We fabricated a fibertaper through a built-in program in a standard fusion splicer. The length of the taper was configured to have 100 µm. After some preliminary tests the sensor selected for testing had an interferometer length of about 21 cm. Figure 2 presents the spectrum of the signal received from this interferometer obtained with broad band illumination and detection with an optical spectrum analyzer. The first analysis of the optical inclinometer was performed using an optical spectrum analyzer (OSA) and acquiring the data to observe the behavior of the interference fringes as the tilt angle was varied in the range from 1 to 15 degrees, with steps of 1 degree. The sensor response was then analyzed in terms of fringe visibility and peak spectral position. The fringe visibility refers to the contrast between a peak and a valley of an interference fringe. The fringe chosen for closer analysis was the one with greater visibility, which is located in the spectral range between 1548nm and 1551 nm as can be seen in the figure 2. The fringe visibility could be calculated using the following expression: v = (I max -I min ) / (I max + I min ), where I max and I min are the maximum and minimum optical intensity of adjacent peaks and valleys of the interference fringe pattern, respectively. The results obtained for the visibility in the range studied can be observed in figure 3a . Monitoring of the spectral position of the interferometric peak was also performed in the same angular and spectral ranges and the results are shown in figure 3b. The results clearly show that the angular range with greater variation of visibility is found between 3 to 6 degrees. Therefore, a more detailed analysis was performed within this range making measurements with steps of 0.2 degrees. When using FBG based interrogation systems, the behavior of optical power intensity at different spectral positions can be analyzed and processed into a meaningful measurement. In our particular case two FBGs should be selected in spectral regions providing a response to angular changes with sensitivity and linearity as large as possible. In order to analyze the response of the inclinometer and choose the best positions for the interrogation FBGs, based in the aforementioned principles, numerical simulations were carried out using Matlab ® software. With the developed software it was possible to simulate the response of the FBG interrogation system with the "virtual FBG" placed at any position of the spectrum. Using least squares methods, the slope and correlation coefficient (R 2 ) of the estimated linear fit for the sensor response was computed. The wavelength ranges presenting higher slope in consonance with a value of correlation coefficient of at least 0.9 (R 2 ≥ 0.9) were considered as appropriate for the spectral localization of the FBGs. In figure 4 curves of the angular coefficient and R 2 related to tilt variations between 3 and 6 degrees are shown. It can be seen that best spectral locations for the FBGs are around 1549. Considering these optimum wavelengths the following operation was computed to obtain the sensor output response:
where I 1 and I 2 are optical intensity reflected by "FBG1" and "FBG2", respectively. It is interesting to note that the wavelength of 1551.3 nm also could have been chosen since it presents an angular coefficient even greater and its R 2 is satisfactory. However, since the sensor response is based on comparing of optical intensities between two spectral points, it is necessary to take into account the behavior of the fringes for the tilt range under consideration. For tilt angles within range of 3 to 6 degrees, the main characteristic of the fringes are variation of their visibility, as can be confirmed by comparison of figures 3a and 3b. Therefore, in this particular case, the best response is achieved if one of the spectral points is located in the vicinity of a peak and the second one in a valley. Figure 5 shows the detailed spectral behavior of the fringe under study for tilt variations in the aforementioned range, and the optimized position for the FBGs signaled by vertical lines. Following this analysis for selection of the FBGs, equation (2) was used, considering these optimized spectral positions, to evaluate the sensor response. As can be seen in the Fig. 6 the optical inclinometer presents a good linear response within the range of 3.2 to 6 degrees. The angular range between 10 and 14 degrees was also analyzed. This angular range presents as its main characteristic a predominant wavelength shift of the spectral peak as can be seen in figure 3b .
Similar criterions were used to select the FBG wavelength points for better performance. The spectral positions of the FBGs according to higher slope and correlation coefficient were found to be 1549.6 nm and 1551.6 nm, with R 2 = 0.969 and R 2 = 0.956, respectively. The response of the sensor was then calculated by equation (2) within the range of 10 to 14 degrees. Figure 7 shows the curve of the sensor response for angular variation between 10 and 14 degrees. As can be noted, the sensor response presents a similar linearity and a better sensitivity (0.3/degree) when compared with the previously studied angular range (0.21/degree). Considering that the ratiometric technique allows for small variation in visibility or wavelength shift to be measured, from this data it can be estimated that the sensor will be able to discriminate angular changes in the 10 -2 degree range. Measurements by means of an electrical interrogation technique previously reported by one of the authors of this work were also performed [14] . This approach can be an interesting low cost alternative to interrogate optical sensors in real systems. In this dynamic electrical interrogation approach we are not monitoring P out (λ) / P 0 , i.e., we are not applying the standard DC reading approach consequently affected by low-frequency noise, which usually has a 1/f power spectral dependence. On the other hand, we are monitoring (dP out / dλ) / P 0 , i.e., we are using the slope approach performing an interrogation that is compatible with a frequency range far from the 1/f noise region, which also means that the signal-tonoise ratio can eventually be favoured by the reduction of the noise level, eventually compensating with advantage the reduction in signal amplitude. The schematic diagram of the interrogation technique is showed in Fig. 8 . Preliminary experiments were made with the electric interrogation technique. The experiments were carried out in the angular range between 3º and 6º. The FBGs available at the time had wavelength peaks of 1549.5 nm and 1551.5 nm, which were not at the optimum calculated positions. The frequencies used to modulate the PZTs were 1544 and 1752 Hz. Although the experiment was carried out with the FBG deviated from their optimum spectral positions, the results obtained matched closely the results predicted with the simulations for the range of 3º to 6 º. Figure 9 shows the linear calibration curve obtained with the electrical interrogation setup demonstrating its viability (sensitivity of 0.35/degree). 
CONCLUSIONS
This work presents an optimization study of an optical inclinometer based on fiber-taper Michelson interferometer. It was done an evaluation by means of experimental measurements and numerical analysis of the experimental data. The numerical results indicated a sensor response with good sensitivity and linearity in the range of 3.2 to 6 degrees and 10 to 14 degrees. In the first range the predominant effect of tilting was a change in interferometric visibility. On the other hand, in the higher angular range, the predominant effect was a spectral shift of the fringe peak wavelengths. Both mechanisms are suitable for interrogation using spectral scanning or strategically placed FBG, in a fashion that is independent off optical power fluctuations. A low cost strategy to interrogate the response of sensor using electrically modulated fiber Bragg gratings, a photodetector and frequency analysis was described. Preliminary results were obtained with electric interrogation showing good linearity and sensitivity in the range around 3.5 to 5.5 degrees. At this stage temperature was kept constant for simplification of the analysis. Further studies are underway to assess the possibility of compensating or simultaneously measure temperature and inclination. Also reproducibility, long term stability and packaging will be the subject of further experiments.
